Space missions to near-Earth objects (NEOs) are being planned at all major space agencies, and recently a manned mission to an NEO was announced as a NASA goal. Efforts to find and select suitable targets (plus backup targets) are severely hampered by our lack of knowledge of the physical properties of dynamically favorable NEOs. In particular, current mission scenarios tend to favor primitive low-albedo objects. For the vast majority of NEOs, the albedo is unknown. Here we report new constraints on the size and albedo of 65 NEOs with rendezvous Δv < 7 km s −1 . Our results are based on thermal-IR flux data obtained in the framework of our ongoing (2009-2011) ExploreNEOs survey using NASA's "Warm-Spitzer" space telescope. As of 2010 July 14, we have results for 293 objects in hand (including the 65 low-Δv NEOs presented here); before the end of 2011, we expect to have measured the size and albedo of ∼700 NEOs (including probably ∼160 low-Δv NEOs). While there are reasons to believe that primitive volatile-rich materials are universally low in albedo, the converse need not be true: the orbital evolution of some dark objects likely has caused them to lose their volatiles by coming too close to the Sun. For all our targets, we give the closest perihelion distance they are likely to have reached (using orbital integrations from Marchi et al. 2009 ) and corresponding upper limits on the past surface temperature. Low-Δv objects for which both albedo and thermal history may suggest a primitive composition include (162998) 2001 SK162, (68372) 2001 PM9, and (100085) 1992 UY4.
INTRODUCTION
To date, two near-Earth objects (NEOs) have been targeted by space missions, both yielding a wealth of fascinating and groundbreaking insights into the past and current state of the solar system: NASA's NEAR-Shoemaker mission went into orbit around its target (433) Eros in 2000 and landed on it in the following year; the Japanese mission Hayabusa arrived at (25143) Itokawa in 2005 and scrutinized the NEO for a few months. In 2010 June, Hayabusa succeeded in returning asteroid dust samples to Earth.
Given the remarkable success of these missions, it is perhaps not surprising that robotic NEO mission concepts are being considered at space agencies across the planet, including NASA's OSIRIS-REx, JAXA's Hayabusa 2, and ESA's Marco Polo (see, e.g., Lauretta et al. 2010; Okada et al. 2010; Michel et al. 2009 for recent updates on these missions). In a speech in 2010 April, President Obama announced the goal of a manned space mission to an asteroid (see Abell et al. 2009 for a corresponding NASA mission scenario including robotic precursor missions).
Finding a suitable target asteroid is one of the challenging aspects of mission planning. Targets are tightly constrained in terms of their orbital dynamics and physical properties. Furthermore, launch windows are usually tight and the planning process long. Unforeseen delays due to technological or financial problems risk eliminating the nominal target; it is therefore generally advisable to plan for contingency or backup targets.
Dynamics, Δv. As discussed by Shoemaker & Helin (1978) , mission cost depends chiefly on the required amount of propellant, which follows from the total specific linear momentum, Δv, that must be imparted on the spacecraft for it to reach the target orbit. Minimizing Δv is therefore a top priority for practical reasons. It is worth emphasizing that there are a large number of NEOs that are reachable at a lower Δv than that required to reach Mars.
A realistic assessment of Δv depends on the specific mission scenario and timing and must be evaluated on a target-bytarget basis. A customary first-order estimate is the Δv of a Hohmann transfer orbit, which is an analytic function of the orbital elements (see Shoemaker & Helin 1978) . Thus, in a first target selection process objects with sufficiently small "Hohmann-Δv" are identified. Only those objects need to be studied in detail. For the purposes of this study, we will refer to the "Hohmann-Δv" as Δv (without qualifiers).
Physical properties. For the vast majority of NEOs, including low-Δv objects, nothing is known about their physical properties. Frequently, however, mission concepts require the target to be within a given size or mass range, e.g., in order to enable the spacecraft to orbit the target. Moreover, the science goals of some current mission scenarios require their target to be a "primitive" object, translating into constraints on their albedo and thermal history (see below).
Primitive objects. Some meteorites contain surprisingly pristine material that has suffered very little modification since the early days of the solar system. Their asteroidal parent bodies are of particular interest for some NEO missions (especially since both NEAR-Shoemaker and Hayabusa targeted S-type asteroids, which have undergone significant processing).
Judging from meteorite analogs, asteroids with very low albedo (geometric albedo p V 7.5%) are very likely to be "primitive" and vice versa (Fernández et al. 2005) . A word of caution applies to NEOs, however: their relative proximity to the Sun can potentially cause their surfaces to heat up to the point that thermal surface alterations occur (devolatilization, chemical reactions, etc.) . There are hence two necessary conditions for an NEO to have a primitive surface: a low albedo and an orbital history that never brought the perihelion too close to the Sun.
ExploreNEOs. This is the third paper describing results from the ongoing (2009) (2010) (2011) ExploreNEOs survey (following Trilling et al. 2010; Harris et al. 2011) . The primary goal of this survey is to measure the size and albedo of ∼700 NEOs based on observations with NASA's "Warm-Spitzer" space telescope. Trilling et al. (2010) describe the goals and methods of the survey along with results for the first 101 NEOs; Harris et al. (2011) check the accuracy of the ExploreNEOs results against values published in the literature (where available) and find diameters to be typically consistent within 20%, albedos within 50%.
As of 2010 July 14, we have data for 293 NEOs in hand including 65 objects with Δv < 7 km s −1 . By the end of the survey, i.e., before the end of 2011, we expect to have measured ∼160 low-Δv objects. We chose to publish this first batch of results in order to alert the community to the existence of our growing database of characterized low-Δv objects.
Overview of this work. In Section 2, we describe our photometric data. Our modeling approach is described in Section 3, and resulting diameter and albedo estimates are presented in Section 4. In Section 5, we study the thermal history of our targets. We discuss the implications of our results in Section 6 and summarize our conclusions in Section 7.
WARM-SPITZER OBSERVATIONS
The observations reported herein use the post-cryogenic ("warm") mode of the IRAC camera (Fazio et al. 2004 ) on board the Spitzer Space Telescope (Werner et al. 2004) . Each NEO target is observed in the two photometric channels (channels 1 and 2) with central wavelengths of around 3.6 and 4.5 μm, respectively. Observations are built up from frames that alternate repeatedly between the two channels, such that the resulting fluxes are quasi-simultaneous. Further details on our observation design and data reduction are given in Trilling et al. (2010) .
In this work, we restrict ourselves to objects observed on or before 2010 July 14 with a rendezvous Δv 7 km s −1 . Δv values are taken from Lance Benner's online list of Δv for all NEOs, 11 which is calculated from the orbital elements and the Shoemaker & Helin (1978) formalism.
In Table 1 , we present the measured in-band fluxes and the observing circumstances as taken from JPL's Horizons ephemeris server. H magnitudes are assumed to be uncertain by 11 http://echo.jpl.nasa.gov/∼lance/delta_v/delta_v.rendezvous.html 0.5 mag (see Section 3). Observations carried out on or before 2009 November 4 have been presented in Trilling et al. (2010) , later observations are new here.
THERMAL MODELING
We use an updated version of the thermal-modeling pipeline used in previous publications resulting from the ExploreNEOs survey (Trilling et al. 2010; Harris et al. 2011) . For completeness, we briefly summarize the more detailed description given in Trilling et al. (2010) . Section 3.1 presents the updates relative to the previous pipeline, chiefly an estimation of the statistical uncertainty of our results. Due to said update, some of our results differ slightly (but within the error bars) from the preliminary results given in Trilling et al. (2010) . A reanalysis of our entire data set is deferred to a later work.
NEO fluxes at Warm-Spitzer wavelengths have significant contributions from reflected sunlight and from thermal emission. We are interested in the latter in order to calculate the target size and albedo using a thermal model. Therefore, in a first step, we estimate the amount of reflected solar radiation using the method first described by Mueller et al. (2007) , then refined in Trilling et al. (2008 Trilling et al. ( , 2010 . Briefly, we calculate the expected V magnitude based on the observing circumstances given in Table 1 and extrapolate to 3.6 and 4.5 μm fluxes using published values of the solar flux at those wavelengths and the Sun's V magnitude. We also assume the spectral reflectivity at WarmSpitzer wavelengths to be 1.4 times that in the V band (see Trilling et al. 2008 Trilling et al. , 2010 Harris et al. 2009 ). In-band thermal flux equals total flux minus reflected flux. In rare cases, the calculated reflected flux exceeds the measured flux, leading to unphysical negative thermal fluxes in channel 1. In these cases (which we expect are due to inaccurate H magnitudes and/or light curve effects), we drop the channel-1 flux from the thermal analysis.
In-band thermal fluxes are color corrected to take account of the spectral breadth of IRAC's filters and the significant difference between the spectral shape of asteroidal thermal emission and the stellar-like spectrum assumed in IRAC flux calibration; color-correction factors for the reflected solar component are negligible. Color-correction factors are calculated for each target using the IRAC passbands given by Carey et al. (2010) , the observing circumstances, and a suitable thermal model. As found by Mueller et al. (2007) , the dependence of color-correction factors on the physical properties of the asteroid can be neglected.
Diameter and albedo are estimated from the final thermal fluxes using the Near-Earth Asteroid Thermal Model (NEATM) (Harris 1998) . The NEATM contains a dimensionless parameter η that describes the effective surface temperature. Trilling et al. (2008) found that data quality does not usually allow to fit η to Warm-Spitzer data of NEOs, but that reasonable estimates of diameter and albedo can still be obtained by assuming an empirical linear relationship between η and solar phase angle α. That relationship was established by Delbo' et al. (2003) ; here we use an updated relationship (based on a slightly larger data set) by Wolters et al. (2008) :
Monte Carlo Approach
In order to provide a realistic estimate of the uncertainty in our diameter and albedo results, we use a Monte Carlo approach in which various sources of uncertainty are considered: Notes. Times given are roughly mid-observation as measured on Spitzer. H is the absolute optical magnitude (taken from Horizons and assumed to be uncertain by ±0.5 mag). r and Δ are heliocentric and Spitzer-centric distance, respectively, and α is the solar phase angle. f36 and f45 are the flux at ∼3.6 and 4.5 μm, respectively (channels 1 and 2). the measured flux uncertainty, the calibration uncertainty of 5% (Carey et al. 2010) , the uncertainty in H (see below), and the NEATM temperature parameter η (which is assumed to vary by ±0.3 around its nominal value; see below). For each observation, we generate 1000 sets of random synthetic fluxes normally distributed about the measured value and with a standard deviation equal to the root sum square of the measured flux uncertainty and the 5% calibration uncertainty. Analogously, Gaussian distributions of H and η values are used in the fit. The distribution of albedo results (diameters to a lesser extent) is strongly non-Gaussian, see Figure 1 . We hence adopt the median of our Monte Carlo results as the nominal value and asymmetric error bars to encompass the central 68.2% of the results. Additionally, we determine the percentage of albedo results falling into albedo bins (see Section 4).
ΔH . In the analysis of purely thermal observations of asteroids, H is known to have a negligible influence on best-fit diameters but impacts p V directly ). In our case, however, H is also used in correcting for reflected solar flux and hence influences the calculated thermal-flux contribution. We therefore decided to vary H within the Monte Carlo fit. The correction for reflected sunlight becomes more critical as more reflected sunlight is contained within the measured flux; it is hence particularly important for high-albedo objects and for objects observed at large heliocentric distance.
Propagating ΔH into thermal-flux uncertainties is an update of the thermal-modeling pipeline relative to Trilling et al. (2010) . While this does not change the calculated nominal thermal fluxes, it does change their uncertainties and hence the relative weight with which they enter the χ 2 minimization procedure, leading to somewhat different diameter and albedo results. For practically all targets, however, the corresponding diameter change is <1% and hence negligible.
For most of our targets, published values for H, let alone ΔH , are unavailable. An observing campaign to measure H for a number of our targets is currently underway; results will be reported in a separate paper. For the time being, we fall back to the approximate H values given by the Horizons ephemeris server which are notoriously unreliable 12 (see Jurić et al. 2002; Parker et al. 2008) . For now, we adopt ΔH = 0.5 mag throughout, see Section 4.1 for exceptions.
Δη. Changes in the assumed η value lead to significant changes in diameter and albedo, see, e.g., Harris et al. (2011) . The quoted uncertainties in Equation (1) lead to a final Δη ∼ 0.3 for α ∼ 50
• , a typical value for our sample. This uncertainty estimate is corroborated by Ryan & Woodward (2010) , who found a typical η value of 1.07 ± 0.27; we caution, however, that their sample is dominated by large main-belt asteroids, whose thermal properties are rather distinct from our sample of small NEOs. For our Monte Carlo analysis, we therefore adopt a Gaussian distribution of η values scattering about the nominal value of 0.91 + 0.013α with a standard deviation of 0.3. Unphysical η values below 0.5 are discarded.
SIZES AND ALBEDOS
Our diameter and albedo results are given in Table 2 along with their statistical uncertainties estimated from the Monte Carlo analysis described above. In order to illustrate the implications of our albedo results on surface mineralogy, we also determine the probabilities p 1 -p 4 with which the albedo falls within one of the four albedo bins; these probabilities are estimated as the fraction of Monte Carlo albedos falling within the respective bin. The albedo bins are designed to correspond to taxonomic types as closely as possible, particularly for the purpose of identifying primitive NEOs.
1. p V < 7.5%: as shown by Fernández et al. (2005) , albedos in this range strongly indicate a primitive surface composition. 2. 7.5% p V < 15%: while objects in this albedo range are still likely to be primitive, some of them may be more akin to (silicate-rich) S types. 3. 15% p V < 30%: objects in this albedo range are most likely S or Q types (or M types, but those are relatively rare among NEOs). 4. 30% p V : more exotic compositions, e.g., E types.
Reanalysis with Updated H and G Values for Select Objects
In the analysis above, we assume G = 0.15 and use H magnitudes from the Horizons ephemeris service. While both assumptions are known to be problematic, we are constrained to use them in the "mass production" of diameters and albedo for practical reasons: we are not aware of a central database of published H and G values; rather, values for each target have to be searched for in the literature and are unavailable for a large majority. In order to minimize the induced uncertainties, we reanalyze our data for select objects with published H and/or G values; see Table 3 . We focus on objects which we find to have low albedo, as well as Eros and Itokawa. Where available, we also include published determinations of the size, albedo, or taxonomic type. The results of this reanalysis are given in Table 4 .
Low-albedo objects. For (175706) 1996 FG3, (65679) 1989 UQ, and (100085) 1992 UY4, our albedo results are low, as expected based on their known taxonomic classification. In the case of 1996 FG3, there is also an excellent quantitative match between our results and the ground-based measurements quoted 12 It should not be forgotten that Horizons is not designed to calculate H magnitudes but ephemerides, at which it does an excellent job. Notes. p 1 -p 4 denote the probability of the albedo falling within each of the four albedo bins described in the text (bin boundaries are 0.075, 0.15, and 0.3; primitive objects should display a high p 1 ). In the last six columns, q xx and T xx describe the orbital and thermal history (see Section 5). For example, q 10% denotes the minimum perihelion distance that the object reached to within a probability of 10% and T 10% is the corresponding temperature to which the surface was heated. Note that some of the diameter and albedo results herein are superseded in Table 4 . 
17.71 ± 0.10
Notes. a Y indicates that the object is known to be binary. b Taxonomic type. c See Trilling et al. (2010) for a discussion of the values adopted for Eros, which was observed at a nearly pole-on viewing geometry and Mueller (2007) Pravec (unpublished) for the H given herein, no uncertainty value is stated, we assume a conservative uncertainty of 0.3 mag; (19) Mottola et al. 1997. in Table 3 . Our diameter result for 1992 UY4 is formally in agreement with that by Volquardsen et al. (2007) , provided that their value is assigned a realistic uncertainty of ∼15% to include systematic uncertainties (which are not discussed by the authors of that paper).
"Reality checks." While the general agreement between ExploreNEOs results and other published diameter and albedo results is discussed by Harris et al. (2011) , we consider it useful to check some of our results for low-Δv objects against published values. By comparing Tables 3 and 4, we find excellent agreement in the cases of (433) −0.17 , is hard to reconcile with its taxonomic Table 4 Reanalysis of Thermal Data with Updated H and G Values (see Table 3 ) 
Notes.
In the last two columns, the diameter and albedo results for the "nominal" H and G values are given for comparison (see Table 2 ). In this reanalysis, η = 1.07 is assumed for (433) Eros (see Trilling et al. 2010) . Two η assumptions are made for (3671) Dionysus, the one used in the rest of this manuscript (see Equation (1) . We have therefore repeated the analysis of our Dionysus data assuming η = 3 (the phase angle of our observations, α = 62.
• 6, is very similar to that of the ISO observations of Harris & Davies, 57.
• 7). The resulting albedo, p V = 0.178
−0.065 , is in good agreement with Harris' NEATM result (p V = 0.16) and consistent with a C b classification given the error bars.
We note that binary NEOs including Dionysus were recently found to generally display higher-than-average η values (Delbo' et al. 2011) , probably due to regolith loss during binary formation. This may be expected to reduce the accuracy of our results for binaries in general. However, in the case of the only other known low-albedo binary, 1996 FG3 (see above), our results are quite consistent with those obtained otherwise.
THERMAL HISTORY
It is well known that implantation of solar wind ions (Hapke 2001) and bombardment by micrometeorites can alter the spectroscopic properties of asteroids (Sasaki et al. 2001) . However, these aging processes affect only the topmost microns of the surface. This is not a problem for a sample collection experiment: current-technology sampling devices can sample material from a depth of a few centimeters, thus excavating below the space-weathered surface.
However, Marchi et al. (2009) have shown that the surfaces of a significant number of NEOs were heated by the Sun to very high temperatures that could induce surface alterations on previously primitive objects. Due to thermal conduction, a thin layer beneath the surface can be heated to similarly large temperatures; for typical thermal properties (Mueller 2007; Delbo' et al. 2007 ) and rotation periods, the penetration depth of the heat wave is of the order of centimeters (Spencer et al. 1989 ), comparable to the digging depth of sample-taking devices.
There is no clear-cut way to determine the maximum temperature to which an asteroid can be heated and remain in primitive condition. From laboratory studies of carbonaceous chondrite meteorites, to which primitive asteroids are generally believed to be related, we know different alteration processes that are characterized by different threshold temperatures (e.g., thermal breakup of organic macromolecules). For instance, it has been determined by laboratory heating experiments that at 370 K the insoluble organic matter of the carbonaceous meteorite Murchison is degraded (the aliphatic C-H bond is lost) in approximately 200 years (Kebukawa et al. 2010) . The same authors also showed that the bulk organics of Murchison are lost in only one year at 370 K (or 200 years at 300 K). It is also known that the macromolecular phase in carbonaceous meteorites has a structure similar to refractory kerogen. The latter starts to break up-with production of oil and gas-when heated above 420 K (I. Franchi 2008, private communication). Furthermore, Lauretta et al. (2001) have shown experimentally that volatile components (such as Hg) are released from some CM and CV carbonaceous chondrites when the latter are heated above ∼470 K.
The maximum temperature attained by an NEO is a function of the perihelion distance q. NEO orbits can evolve rapidly (see, e.g., Michel & Froeschlé 1997) , hence the present q is not particularly indicative of the minimum q attained within the chaotic dynamical history. Hence, if it is a goal to send a spacecraft to a primitive object, the dynamical and thermal history of the target must be taken into account.
An upper limit on the subsurface temperature is the surface temperature at local noon (assuming equilibrium with absorbed insolation). Because spin axes of NEOs evolve on relatively short timescales (e.g., due to YORP, planetary encounters, and possibly due to spin-orbit coupling), the whole surface is likely to have been subjected to temperatures (nearly) as high as that of the subsolar point, T SS . We calculate T SS as a function of q using the NEATM (see Section 3), assuming the nominal albedo resulting from our Spitzer observations and η = 0.91. That latter value follows from Equation (1) for α = 0, hence providing an upper limit on temperature.
With this in mind, the maximum surface temperature attained follows from the minimum q reached in the past. Due to the chaotic nature of NEO orbits, this question must be treated probabilistically. We here use the orbital evolution model by Table 2 for the definition of p 1 . Where available, diameter and albedo results are from the reanalysis in Table 4 , otherwise from Table 2 . As discussed in Section 5, the chances are 10%/50%/90% that the surface temperature has reached T 10%/50%/90% or above. Marchi et al. (2009) , which was derived from Bottke et al. (2000 Bottke et al. ( , 2002 . For each of our targets, we extract from the work by Marchi et al. the probabilities that the object reached a perihelion distance smaller than a grid of q values. Through interpolation, we determine q 50% , i.e., the q value which was reached with a probability of 50%. We call the corresponding subsolar temperature T 50% . The odds are 50% that an object ventured to within q 50% of the Sun and that its surface was heated to T 50% or more. We repeat this exercise for probability values of 10% and 90%; results are given in Table 2 . Note, for instance, that (65679) 1989 UQ certainly appears primitive judging from its low albedo (this work) and its spectroscopic classification as B type (Binzel et al. 2004a) . 1989 UQ was considered repeatedly as a target of sample-return mission concepts to a primitive asteroid. However, we show that this object has likely been heated to the point that its organic macromolecular matter has been broken up (T 50% = 564 K-cf. Table 2 ). The same applies to the binary system (175706) 1996 FG3.
However, the final determination whether an object is to be considered primitive or not is beyond our scope. Rather, our aim is to provide the required input data for that determination. Given that objects may have exceeded some but not all of the threshold temperatures discussed above, the exact definition of "primitive" depends on the scientific purpose at hand. Also, it is incumbent on the mission-design team to quantify the risk they are willing to take (note the probabilistic nature of our temperature determinations due to the chaotic orbital history of NEOs).
DISCUSSION

Updated ExploreNEOs Thermal-modeling Pipeline
For a fraction of our targets, our data have been published previously along with a straightforward NEATM analysis (Trilling et al. 2010; Harris et al. 2011) . Due to the updates in the thermalmodeling pipeline presented in Section 3.1, our results given in Table 2 supersede previous values where available. This difference, however, is always comfortably within the quoted error bars and too small to matter practically. A new analysis of the entire data set including new observations will be presented in a later paper.
The new pipeline provides estimates of the statistical uncertainty of diameter and albedo results. The uncertainties are distributed in a highly non-Gaussian way, especially for p V , hence asymmetric "1σ " error bars are given. Additionally, we provide probabilities of p V to fall into specific bins, which allows for more straightforward constraints on the taxonomic type and hence surface mineralogy. 1996 XB27 and 1989 ML. These bodies are, along with the Hayabusa target Itokawa, the only objects with Δv < 5 km s −1 within our sample. We find both objects to be very high in albedo, indicative of taxonomic types such as E (1989 ML was found to be E type by Mueller et al. 2007 ). The chances of them being primitive are very small. With a diameter of only 84 +13 −12 M, 1996 XB27 is among the smallest celestial objects with known size.
Potential Spacecraft Targets
Primitive objects. Some of our albedo results suggest a primitive composition. We adopt a threshold value of 50% for p 1 , the probability of p V < 7.5%. A list of all measured physical properties of these objects is compiled in Table 5 . There are significant object-to-object differences in thermal history. As discussed in Section 5, there is no clearly defined threshold temperature above which primitive material is metamorphosed. The least heated objects (at the 50% probability level) are 1992 UY4, 2001 SK162, and 2001 PM9. 1996 FG3 is the only known binary in the low-p V sample.
CONCLUSIONS
Of the 293 NEOs observed within the framework of our ongoing ExploreNEOs survey as of 2010 July 14, 65 have Δv 7 km s −1 . Diameter and albedo measurements for the latter are presented in this work. Assuming that the rate of observations of low-Δv objects stays as it is, the number of observed low-Δv objects will increase to ∼160 by the end of ExploreNEOs, i.e., before the end of 2011. Teams requiring a physical characterization of potential spacecraft targets are encouraged to contact us.
Out of our 65 low-Δv targets, 7 have low albedos indicating a primitive surface composition. These objects include a binary (1996 FG3) 
